Abstract Chemical-looping combustion (CLC) is an indirect oxygen combustion strategy, considered to be the most costeffective power generation technology with the carbon dioxide (CO 2 ) inherently concentrated. The oxygen carriers in the combustion process are subjected to severe environments, such as high temperatures, multi-cycle operations, and thermodynamic limitations. Thus, the preparation of an oxygen carrier with high durability and better kinetics under harsh environments could be an essential part of the development of the CLC process. In this study, copper oxide (CuO) was selected as an active ingredient, and was supported on the titanium-dioxidebased supporting materials, which was either directly from commercial titanium dioxide powder (TiO 2 ) (anatase 99 %) or from tetrabutyl titanate, depending on methods. Three preparation methods were applied, including mechanic mixing (MM), sol-gel (SG), and wet impregnation (WI). Test results indicated all prepared oxygen carriers functioned properly in the multi-cycles of reduction and oxidation (redox) in thermogravimetric under 800°C. Characterization and activity tests revealed that the CuO, prepared by the SG method was welldispersed, highly active, and thermally stable in redox reactivity than those by the MM and WI methods. Furthermore, nucleation and diffusion models could better describe kinetics of prepared oxygen carrier based on the SG method.
Introduction
The current state-of-the-art technological options to capture the emitted CO 2 from coal combustion include post-combustion, pre-combustion, and oxy-combustion processes. At the current development level, there is no carbon capture technology that can achieve the goal of low capture cost and high capture efficiencies. Post-combustion options refer to the carbon-capturing technologies that remove the dilute CO 2 from the combustion flue gas. There are significant energy penalties incurred in these process options, which greatly increase costs and utility burden to abate the carbon emissions (80 % higher than the combustion without carbon capture at 90 % carbon capture) [1] . To control the high capture cost, pre-combustion technology options based on coal gasification processes have been developed. In this setup, the volume of the syngas requiring treatment is largely decreased and CO 2 concentration is largely increased when compared to those of the post-combustion technologies. Thus, there is an expectation to have lower carbon capture cost in coal gasification processes. However, coal gasification is inherently costly compared with the conventional direct coal combustion processes without carbon capture. A major cost component in coal gasification processes is attributed to the expensive air separation unit (ASU) for producing pure oxygen as well as the complexity of the syngas cleanup process. According to a National Energy Technology Laboratory (NETL) systems analysis, ASU is responsible for about 65 % of the increase in the cost of electricity for 1st generation oxy-combustion systems (US DOE/NETL). Pre-combustion carbon capture would be attractive, if more economic oxygen would be available. It is similar to pre-combustion technologies in that expensive ASU [2, 3] impacts oxy-combustion negatively. More economic oxygen would make oxy-combustion more attractive as the direct use of oxygen instead of air prevents the dilution of CO 2 by nitrogen. Oxy-combustion has other issues such as flue gas purification and recirculation to control the overheating of the combustion chamber.
Chemical-looping combustion and gasification (CLC & G) is a novel and promising process with inherent carbon dioxide capture [4, 5] . It is also called unmixed combustion since it avoids directly mixing fuel and air. In the CLC process, nitrogen is not released with the flue gas. The whole CLC process can be integrated by two sections. The one is an air reactor and the other is a fuel reactor. The metal oxides are generally oxygen carriers, which are reduced in the fuel reactor by fossil fuels to release oxygen, and then transferred back to the air reactor and oxidized to gain oxygen again. Oxygen carriers experience multiple redox (reduction and oxidation) cycles during operation of the CLC process. Because solid oxygen carriers transport oxygen from the air to the fuel, nitrogen is not mixed with generated CO 2 during fossil fuel combustions.
In the CLC process, oxygen carriers are critical materials to be developed. Copper (Cu), nickel (Ni), iron (Fe), manganese (Mn), and cobalt (Co) are generally selected as active ingredients of oxygen carriers. Compared to Ni and Fe, copper has several favorable features, including being highly reactive in redox cycles under moderate temperatures, thermodynamically favored to reach complete conversion of fossil fuels, and exothermic properties of redox reactions to better manage energy. However, the application of copper as an oxygen carrier incurs issues of its lower melting point, which is critical in higher operational temperatures in the CLC process [6] [7] [8] [9] [10] [11] . Although the supporting materials do not participate directly in the redox cycles of CLC, their existence may promote reaction kinetics and improve stability of active ingredients through better dispersion [12, 13] . There are many loading methods to integrate active ingredients, such as mechanic mixing (MM), wet impregnation (WI), and the sol-gel method (SG). MM is a physical method, by which active ingredients and supporting materials are mixed using mechanical forces. Wet impregnation is a chemical method, by which active ingredient solutions are prepared and impregnated onto the supporting materials. SG is also a chemical method, by which a continuous transformation of active-ingredient-based solutions into a hydrated solid precursors [14, 15] . In this open structure, the primary units are connected by chemical bonds, such as hydrogen bonds, dipole forces, or van der Waals interactions. After eliminating the liquid within the gel and calcination, this structure can be transferred to solid phase. Through the SG method, texture, composition, homogeneity, and structural properties of the product can be controlled [16, 17] .
Copper has a low melting point compared to other interested metal candidates as an oxygen carrier. It tends to agglomerate at elevated temperatures, which are typical in CLC processes. Better dispersion of copper on inert supporting materials can lead to its dilution, and thus consequently less potential to agglomerate. However, copper dispersion on the inert supporting materials may also potentially affect its reactivity, which is a major concern in making the CLC process economical and competitive. This study focused on corresponding preparation methods of oxygen carriers to dispersions and interactions between active ingredients (CuO) and supporting materials (TiO 2 ), thermal stability and redox reactivity of prepared oxygen carriers.
Experimental

Sample preparation
The MM method Copper-based oxygen carriers supported on titanium dioxide prepared using the mechanical mixing method were made from pure copper oxide (prepared from copper nitrate crystals) and titanium dioxide (titanium(IV) oxide, 99 % anatase powder, Acros organics). Copper oxide (40 % by mass) and titanium dioxide powder (60 % by mass) were added to a ball mill. The oxygen carrier precursor was formed after grinding in the ball miller for half hour. Titanium dioxide as anatase will transfer to rutile partially or completely over temperatures of 700°C. To prevent the phase change from occurring during the CLC process, the mixture of copper oxide and titanium dioxide was calcinated at 800°C for 3 h.
The WI method
Titanium dioxide powder (titanium (IV) oxide, 99 %, anatase powder, Acros organics) was used as supporting material. Anatase powder was dropped into a saturated copper nitrate aqueous solution. In order to increase the solvent expanse rate, the solution was continuously stirred by a magnetic stirring apparatus. The impregnated sample was dried overnight and calcinated at 800°C for 3 h in a tube furnace (Across International, KTL 1400) to decompose the copper nitrate to copper oxide. At 800°C titanium dioxide is present in the rutile phase; the precursor was calcinated at 800°C to avoid potential phase changing during the operating process.
The SG method
The titanium resource, tetrabutyl titanate (titanium n-butoxide, 99 %, Acros), has the ability to hydrolyze, forming titanium dioxide of sol and gel. Depending on the amount of water added to the solution, titanium dioxide as a binder of the copper-based oxygen carrier can be prepared from the SG method. The SG preparation process was performed using a magnetic stirrer at room temperature. Tetrabutyl titanate was mixed with anhydrous methanol (Methyl alcohol, 99.8 %, Acros) at a ratio of 1:1 by mass in the beaker. A desired amount of copper nitrate was added to the methanol solution. The water of crystallization in copper nitrate was released into the solution, and promoted the hydrolysis of tetrabutyl titanate. After several minutes, the solution became sol and the magnetic stir rolled at a slower rate. Until the stir stopped rolling, the gel of titanium dioxide with copper nitrate was formed. The mixture gel, after being set in a water bath at 60°C for 1 h as ripening time, was dried in a drying box at room temperature for 24 h. The dried sample was crushed to a fine powder, then calcinated at various temperatures (650, 800, 1,000, and 1,350°C) for 3 h. Due to the large amount of water crystallized in copper nitrate, when preparing the oxygen carrier with low copper oxide content, such as 5 or 20 % copper oxide ratio, extra water and methanol should be added to the solution to trigger hydrolysis of tetrabutyl titanate.
Calcination studies
The precursors of oxygen carriers from various preparation methods were loaded into the TG. The temperature program was isothermal for 5 min to stabilize the system, and then ramped up to 800°C at the rate of 10°C per min. Finally, it was held at 800°C for 1 h. All the tests were completed in an air atmosphere. Tests indicated the onset temperature of decomposition of the copper nitrate in the precursor started at 230°C, and peaked at 300°C. Both the decomposition of copper nitrate and the evaporation of the versatile compound could be completed by maintaining 300°C for 1 h. This test could confirm that calcinations of all prepared sample precursors under 800°C for 3 h, based on different methods, should be sufficient and only copper oxide and titanium dioxide were included in prepared oxygen carrier samples.
Sample characterization
TG
Thermogravimetric analysis (TG, TA type 2950) was used to study the calcinations of sample precursors and reactivity of calcined samples in redox tests based on different preparation methods.
XRD
In order to study the crystalline phase of the titanium dioxide and copper oxide particles mixture, powder X-ray diffraction system (XRD) (thermal electricity, Thermo ARL X'tra) with a Ni-filtered Cu Ka radiation was used. The sample pattern was recorded in steps of 0.02°in the 2h range of 5°to 90°and with the speed of 0.6°per min. The X-ray generator was set to 20 kV and 20 mA. Powderphase identification of the sample was made with the help of the XRD database in the software (Crystal Impact, version 1.11).
SEM
The oxygen carriers were also analyzed using a JEOL JSM 5400LV scanning electron microscope (SEM) with energy dispersive x-ray fluorescence (EDX). The instrument was operated in low vacuum mode at a chamber pressure of 110 milli-torr using a back-scatter in an electron detector. An EDX apparatus connected with the SEM was also used for an elemental analysis to determine the ratio of every element in the mixture.
Reactivity tests
Thermogravimetric Analysis was used for studies of reactivity in redox cycles of prepared oxygen carriers. The furnace material was inert quartz material, with a maximum operational temperature at 1,000°C. The sample holder was a platinum pan with a low boundary, to minimize the effect from active gas diffusion resistance around the solid sample during the operation. Nitrogen was used into the microbalance head to keep the electronic parts free of the reactant gas. The flow rate of the reacting gas mixture was controlled by an electronic mass flow controller. For the reduction process, hydrogen (H 2 , 10 % by volume) in helium was used, and air was used as the oxidant in the oxidation process. The switching of two gases (H 2 and air) was controlled by an automatic gas switch accessory (TA instrument), and nitrogen was used to purge remaining gas residing after the last reaction in the TG reactor when H 2 or air was applied. For each test, the sample amount was about 40 mg. The temperature program was: the isothermal at room temperature for 5 min, then heated to the desired temperature in a nitrogen atmosphere at a rate of 20°C/min; after the set temperature was reached, the gas was switched to H 2 to start the reduction process. The beginning of the reduction process through the end of oxidation was considered as a reduction-oxidation cycle.
To study reduction and oxidation reactions, the general expression on isothermal reactions was introduced.
Hancock and Sharp developed a method presenting kinetics of isothermal solid-state reactions and describing the nucleation and growth mechanics [18, 19] . The conversion rate of CuO/Cu (X) can be calculated from mass change of the reduction reaction or the oxidation reaction through Eqs. (1) and (2):
Oxidation :
A function between conversion rate X and time t was made in Eqs (3) and (4):
where a and b are both constants. Parameter a presents the nucleation frequency and rate of grain growth, and b is varied with the geometry of the system. The constants a and b are determined by the Hancock and sharp plot. Table 1 shows the conversion rate equations of solid-state reactions. The functions, from D 1 (X) to D 4 (X), refer to some important diffusion-controlled solid-state reactions. The function of F 1 (X) refers to the first-order chemical reaction. R 2 (X) and R 3 (X) refer to the phase-boundarycontrolled solid-state reactions for a cylinder or a circular disk and a sphere, respectively. A 2 (X) and A 3 (X) refer to nucleation-controlled solid-state reactions, where b equals to 2.0 and 3.0, respectively [19] [20] [21] .
Results and discussion
Dispersion of CuO on TiO 2
Copper is a metal with a low melting point (1,050°C), which is a major concern in making Cu as oxygen carriers under elevated operational temperatures ).
Partial melting of Cu will produce agglomeration of prepared Cu-based oxygen carriers, leading to a decrease of reactivity of oxygen carriers in a fluidization system, which is generally used in CLC process. Supporting materials could help to reorganize the spatial crystalline structures of Cu, thus stabilize Cu and prevent agglomeration at thermal conditions. Thus, at the same loading of copper-based oxygen carriers, the better dispersion had less chance for agglomeration. How good the dispersion of Cu is on TiO 2 and manipulation of the crystalline structures of Cu will directly determine tendencies of prepared Cu-based oxygen carriers. In this study, the dispersion of Cu on selected TiO 2 supporting materials was used as a factor to evaluate copper agglomeration at desired temperature ranges. In order to study the difference between oxygen carriers from different preparation methods, each Cu-based oxygen carrier sample, based on different preparation methods, was evenly split into 10 equal parts. All 10 portions of each prepared sample were subject to the reduction in TG to measure the copper content during the reduction process. The dispersion between samples was calculated based on variation studies of Cu loading on these equal portions of 10 portions of each sample. Lower variance of copper loading indicates better copper oxide dispersion. Test results are shown in Table 2 . There was significant difference in variance among 10 portions of each sample. The prepared oxygen carriers based on the SG method presented the least variance and standard deviation, which is 2 and 14 %. This contrasted to 3 and 17 % in variance and standard deviation for samples based on the WI method, and an even larger 25 and 50 % for samples based on the MM method. The results show that copper content in the sample based on the SG method remained more constant than those of the other two methods, which are attributed to more even distribution of copper/copper oxide in the used supporting material, which is titanium (IV) oxide. Therefore, the SG method provided an opportunity to better dispersion of Cu on TiO 2 under conditions of same Cu loading. 
Zero order X = kt 1.24 Thermal stability of prepared oxygen carriers Thermal stability is one of the most important factors of an oxygen carrier, directly addressing the process economics. After multiple cycles of the CLC process, the molecular structure of oxygen carriers may significantly change or agglomerate to degrade its performance, due to the low melting point of Cu. Another outcome of thermal instability of oxygen carriers are derived from interactions between Cu and supporting material TiO 2 . Figure 1 presents the XRD patterns of the precursor of the SG-prepared oxygen carriers, which were calcinated under 650, 800, 1000, and 1350°C. The phase transition of XRD patterns of prepared oxygen carriers shows a binary performance. The phase changed according to the calcination temperatures. At 650°C, the oxygen carriers were a mixture of CuO and TiO 2 , and the phase of TiO 2 was anatase. There was no combination between CuO and TiO 2 . At 800°C, titanium dioxide of anatase transferred to rutile, but still there was no evidence to support an interaction between CuO and TiO 2 . At 1,000°C, the XRD pattern was very similar to that at 800°C. This changed when the temperature reached 1350°C, where approaching the melting point of CuO, the XRD peak height of the CuO decreased and there was tiny peak of Cu appearing. This resulted from decomposition of CuO. Moreover, the peaks of the copper titanate could be found, including either Cu or CuO reacting with TiO 2 to produce a new phase of the copper titanate at 1,350°C. The SEM pictures shown in Fig. 2a-c illustrate the microscopic morphology of the oxygen carriers calcinated at different temperatures at 2,000 times' magnification. The 650 and 800°C images show clearly distinguishable bright and dark areas, referring to higher and lower copper loading areas, respectively. In the 1,350°C SEM image, the bright area is very small. The melting point of copper oxide is 1,026°C. During the calcination process, copper oxide melted and sank to the bottom of the crucible due to gravity. The dark areas refer to titanium dioxide.
An SG-based oxygen carrier sample was subjected to multiple redox cycles of 45 cycles in the TG (Fig. 3) . The mass loss versus time plot during 45 cycles is shown in Fig. 3a . The mass loss profile shows very stable mass loss and gain in reduction, indicating very limited degradation. Figure 3b is an extract of the last 8 redox cycles from the total 45 cycles. It was found that the mass loss or gain changed from 7.89 % of the 1st redox cycle to 7.85 % of the 8th redox cycle, indicating only a 0.04 % change (around 0.5 % of oxygen capacity). This confirmed the minimum degradation of oxygen capacity and thus thermal stability of the prepared SG oxygen carrier sample. The fresh oxygen carrier samples, used samples after reduction, and samples after 45 redox cycles were analyzed by XRD, as shown in Fig. 4 . As expected, the fresh samples were a mixture of CuO and TiO 2 . The initially reduced oxygen carrier was composed of Cu, but no peaks were attributed to CuO, presenting the complete reduction reaction of oxygen carriers. After 45 redox cycles, the used sample still presented a similar XRD pattern to that from the initial reduction reaction. There were no significant difference when comparing their peaks' positions and ratio of intensity. This may imply the phase and structure of the tested oxygen carrier which had only minimum change, if any, during the 45 redox cycles. This confirmed the expected thermal stability of the prepared Cu-based oxygen carriers.
Reactivity tests
The oxidation activity for the oxygen carriers prepared via different methods was compared using the mass gain plot from the TG tests. As an example, the sample based on the SG method under oxidation conditions is shown in Fig. 5 . It was shown that the mass loss profile of the SG oxygen carrier sample could reach 97.2 % within 0.63 min, but it took another 1.61 min to reach 98.6 % of conversion efficiency. The total oxidation time for the oxygen carrier from the SG method was 2.24 min. It seemed there are two distinct stages of this oxidation reaction, including the initial fast oxidation and the later slow oxidation. The oxidation reactivity of all prepared oxygen carriers based on different preparation methods was recorded as reaction times of 99 % conversion, as summarized in Table 3 . Data comparison showed that Cubased oxygen carrier, using the SG method, was the most active because less reaction time was necessary to complete 99 % conversion during its oxidation. Results indicated that there was no significant difference in the quick oxidation stage when compared to all samples from three preparation methods, except for the extent of actual conversion efficiencies in the quick oxidation stage for different methods. For example, it took 0.67 min for the sample of the MM method to complete 75.9 %, and 0.86 min to reach 96.7 % for the WI method and 0.63 min for the SG method to achieve 97.2 %. During the slow oxidation stage, it took 13.6 min to complete conversion from 75.9 to 95.1 % for the MM method, 4.6 min from 96.7 to 98.8 % for the WI method, and 1.6 min from go from 97.2 to 98.6 % for the SG method. Overall, the Cu-based oxygen carriers based on the SG method required much less time to complete oxidation reaction; this was followed in the second by reaching the full conversion of the oxidation reaction. According to the analysis above, oxygen carriers prepared from the SG method have a better reactivity rate than either the WI method or the MM method. The plot of the mass versus the time during oxidation reaction of the Cu-based oxygen carrier based on the SG method in the TG test could be transferred to the Hancock and Sharp plot, using a sample based on the SG method as an example. This conversion was made and is presented in Fig. 6 . The staged performance of the prepared oxygen carrier during oxidation reactions is clearly presented in Fig. 6 . The twostage oxidation process could be well fitted into two models, which were the initial nucleation model (r 2 = 0.9988) and the followed-up diffusion model (r 2 = 0.9984). These two models corresponded to the fast kinetics and slow kinetics of oxidation. The nucleation model showed that the oxygen in the air could be quickly reacted with Cu on the surface of the supporting material, and at the initial stage of the oxidation reaction. Thus, it was confirmed that the SG-based oxygen carrier was well-dispersed and most of Cu is available on the surface 
Conclusions
In this study, three methods were applied for preparation of Cu-based oxygen carriers supported on titanium dioxide. Major conclusions are presented as follows:
1) The interaction between copper oxide and titanium dioxide was investigated based on the XRD patterns of the calcinations of the oxygen carrier at elevated temperatures. Copper cannot combine with titanium dioxide to produce copper titanate until a very high temperature (over 1,000°C In(-In(1-X ))
In t Oxidation Fig. 6 Oxidation kinetics of the sol-gel (SG) sample followed-up by the slow diffusion limitation by product layer of CuO formed. The well-dispersed SG method prepared sample again presented good reactivity because the majority of copper was available for oxidation.
